Magnetoresistance is the change in a material's electrical resistance in response to an applied magnetic field. Materials with large magnetoresistance have found use as magnetic sensors 1 , in magnetic memory 2 , and in hard drives 3 at room temperature, and their rarity has motivated many fundamental studies in materials physics at low temperatures 4 . Here we report the observation of an extremely large positive magnetoresistance at low temperatures in the non-magnetic layered transition-metal dichalcogenide WTe 2 : 452,700 per cent at 4.5 kelvins in a magnetic field of 14.7 teslas, and 13 million per cent at 0.53 kelvins in a magnetic field of 60 teslas. In contrast with other materials, there is no saturation of the magnetoresistance value even at very high applied fields. Determination of the origin and consequences of this effect, and the fabrication of thin films, nanostructures and devices based on the extremely large positive magnetoresistance of WTe 2 , will represent a significant new direction in the study of magnetoresistivity.
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Large magnetoresistance (MR) is an uncommon property, mostly of magnetic compounds. Giant magnetoresistance (GMR) 5 and colossal magnetoresistance (CMR) 6, 7 occur in thin-film metals and manganesebased perovskites, for example. In contrast, ordinary magnetoresistance, a relatively weak effect, is commonly found in non-magnetic compounds and elements 8 . Magnetic materials typically have negative magnetoresistances (where MR, typically reported as a percentage, is defined as [r(H) 2 r(0)]/r(0), and r(H) is the resistivity in an applied magnetic field H). Positive magnetoresistance is seen in metals, semiconductors and semimetals 9 . It is usually at the level of a few per cent for metals; semiconducting silver chalcogenides have magnetoresistances of up to 12,000%, comparable with those of materials showing CMR 10 . For singlecarrier-type semiconductors, the MR behaves as (1 1 mH 2 ), where m is the carrier mobility; high-mobility semiconductors can therefore show relatively large effects 11 . High-purity elemental bismuth, a semimetal, has an extremely large positive magnetoresistance, as does graphite 12 .
In semimetals, very high magnetoresistances are attributed to a balanced hole-electron 'resonance' condition; as described here, WTe 2 seems to be the first known material for which this resonance is nearly perfect.
WTe 2 is a layered transition-metal dichalcogenide (TMD) crystallizing in a distorted version of the common MoS 2 structure type 13 . TMDs are known to have many interesting properties, such as the catalysis of chemical reactions 14 , the presence of charge density waves (CDWs) 15 and superconductivity 16 ; they are solid-state lubricants 17 , make nanotubes 18 and electrodes for rechargeable batteries 19 , have been exfoliated to fabricate state-of-the-art nanostructures 20, 21 , and now, we report, can show extremely large magnetoresistance. In the layered TMD compounds, metal layers are sandwiched between adjacent chalcogenide layers; this dichalogenide sandwich stacks along the c axis of the hexagonal structure, with van der Waals bonding between layers. As a result of this anisotropic bonding, layered TMDs are typically electronically two-dimensional. In WTe 2 , however, there is an additional structural distortion: tungsten chains are formed within the dichalcogenide layers along the a axis of the orthorhombic unit cell, making the compound structurally onedimensional (Fig. 1a) . WTe 2 is a semimetal 22, 23 and has previously been investigated for thermoelectric applications in solid solutions with WSe 2 and MoTe 2 (ref. 24) .
We have discovered an extremely large positive magnetoresistance (XMR) in WTe 2 of up to 452,700% at 4.5 K in an applied field of 14.7 T when the current direction is along the tungsten chains (a axis) and the magnetic field is applied perpendicular to the dichalcogenide layers, along the c axis. The magnetoresistance is still increasing at 60 T, the highest field in our measurements, where it has a value of 13,000,000%. There is no indication of resistivity saturation even at these high applied fields, an indication of the unique character of WTe 2 . WTe 2 has a highly anisotropic electronic structure, with small pockets of holes and electrons (see below and ref. 23) in the directions in which tungsten chains are found in the crystal structure. The XMR is very anisotropic: with current flowing along the chain direction it is maximized when the field is applied perpendicular to the WTe 2 layers, and decreases by more than 90% when the magnetic field is applied in other directions. The effect becomes significant at temperatures below ,150 K; the temperature of the 'turn on' increases with the magnitude of the applied magnetic field. Electron diffraction patterns taken at low temperatures indicate that the origin of the observed effect is not linked to the onset of a charge density wave or a Peierls-like distortion, electronic instabilities that are frequently observed in layered TMDs. The temperature-dependent resistivity under various applied magnetic fields (m 0 H up to 14.7 T) is shown in Fig. 2 . In zero field, the roomtemperature resistivity is 0.6 mV cm and decreases to 1.9 mV cm by 2 K, yielding a residual resistivity ratio (see Methods) of ,370. When a field is applied, the resistivity of the sample essentially follows the zero-field curve until it is cooled close to the 'turn on' temperature T* (taken as the minimum in the resistivity) below which the resistivity begins to increase markedly. The magnetoresistance effect at low temperatures is extremely large, reaching 452,700% by 4.5 K in a field of 14.7 T. The 'turn on' temperature is shifted to a higher temperature (at the rate of ,4.4 K T
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; Fig. 2 , upper inset) as larger fields are applied, implying competition between dominating scattering mechanisms. The transmission electron microscope (TEM) electron diffraction patterns taken at 10 K (Fig. 1c) in a ,2.8 T field (the field in the TEM at the sample position), well within the XMR phase regime, show no evidence of a superlattice to a sensitivity of about 1 part in 100,000 of the main diffraction peaks. This indicates that there is no structural phase transition or charge density wave accompanying the onset of the XMR effect. Figure 3a shows the field dependence of the XMR at various temperatures. The upper inset shows the XMR at higher temperatures, and the lower inset shows the Shubnikov-de Haas quantum oscillations observed at low temperatures; the oscillations have been extracted after fitting a second-order polynomial to the 4.5 K parallel field measurement and subtracting that as background. They become visible by 6 T, begin increasing in amplitude, and then become dampened at about 10.5 T before re-emerging with much larger amplitude near 12.3 T. Figure 3b shows the dependence of the XMR effect on the angle of the applied field to the c axis. When the field is aligned parallel to the c axis the XMR effect is maximized, with [r(14.7) 2 r(0)]/r(0) 5 4,527 (or 452,700%). As the field is rotated to align parallel to either the a axis or the b axis, the MR effect is greatly diminished and dies as the cosine of the angle; this large anisotropy is probably due to the very anisotropic Fermi surface of WTe 2 and scattering rates. Measurements up to 60 T at 0.53 K show an XMR of [r(60) 2 r(0)]/r(0) < 130,000 (MR < 13,000,000%) with strong quantum oscillations and still no resistivity saturation (Fig. 3c) . The dependence of the resistivity on magnetic field is close to quadratic showing that the effect is one-dimensional; it is maximized at 0u (when H is parallel to c) and goes to 0 at 90u (when H is perpendicular to c). The main panel shows the MR as the applied field is rotated to be parallel to a, and the inset shows the same effect when the field is rotated to be parallel to b. c, XMR of WTe 2 up to 60 T at 0.53 K, with I parallel to a and H parallel to c, for r(H)/r(0) / H m (m < 2).
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even up to the highest fields measured, with no indication of a change in dependence. Our electronic structure calculations, similar to those in a previous report 23 , show WTe 2 to be a semimetal. The valence band and conduction bands barely cross the Fermi energy at different places in the Brillouin zone (Fig. 4a) , in an electronic structure that is reminiscent of that of the excitonic insulator TiSe 2 (ref. 25) . The small electron and hole pockets along the C-X direction (corresponding to the a axis, along the tungsten chains in real space) are what make WTe 2 a semimetal. The detailed shape of the Fermi surface (Fig. 4b) is very sensitive to the position of the Fermi level. A potential second set of electron and hole pockets forming along Z-U (parallel to the C-X direction, but shifted along k z into the perpendicular face of the Brillouin zone) represents a potential second crossing that would change the pockets into tubes in the Fermi surface. Future study by angle-resolved photoemission spectroscopy, transport analysis and characterization of the quantum oscillations will be needed to determine the details of the Fermi surface shape and character, and its link to the observed XMR.
With a positive magnetoresistance as large as this, there are few systems comparable to WTe 2 . High-purity graphite and bismuth display XMR at low T. It has been shown 26 that in graphite this behaviour is well described by a two-band model for charge transport in semimetals, where n-type and p-type carriers are both present; the analysis, however, is restricted to very low H (200 mT or less). As H increases, the MR in graphite and Bi deviate markedly from the modelled H 2 dependence, and eventually saturate at large H (refs 27, 28). Both the saturating MR in graphite and Bi and the non-saturating MR in WTe 2 are consequences of a resonance in semimetal charge transport, which indicates that the MR peaks at p/n 5 1 and that the stringency of the p/n 5 1 resonance requirement becomes more and more severe with increasing H (see Methods). Hence, as long as resonance is maintained, the resistivity increases as H 2 without saturation; however, a slight deviation from perfect n-p compensation will cause the resistivity to saturate to a field-independent value. This occurs in both graphite and Bi, but WTe 2 seems to be the first material known that displays a non-saturating MR and thus nearly perfect n-p compensation. WTe 2 has an extremely small overlap between valence-band and conduction-band states 23 , and in that way it resembles an excitonic insulator 25 . It may be that this excitonic-insulator-like character of WTe 2 , in which each electron has a corresponding hole, leads to the nearly perfectly balanced electronhole populations that are responsible for the XMR effect that does not saturate at very high fields; further work will be required to verify this.
Particularly important differences between Bi and WTe 2 are seen from the materials perspective. For the development of advanced devices, in addition to the fact that ordinary purity WTe 2 shows the XMR effect (we observed it in WTe 2 synthesized from 99.9% W and 99.99% Te; in contrast, 99.9995% Bi shows the very large MR 26 ), the fact that WTe 2 is a layered TMD that can be easily exfoliated allows it to be used as the basis for thin films and advanced nanostructure devices similar to those being actively pursued that are based on MoS 2 (ref. 21 ) and related TMDs. It is especially important that WTe 2 is a binary compound. Elemental Bi has few avenues for tuning chemically, whereas WTe 2 belongs to a materials family that is well known to be tunable by chemical doping. In addition to tuning by W and Te site doping, intercalation reactions accompanied by charge transfer to the MX 2 host, expected to be possible for many elements in the periodic table including magnetic ones, are common in layered TMDs, and the same will be possible for WTe 2 .
The single crystals made in this study were crudely exfoliated with double-sided tape, and thicknesses down to a few micrometres were easily achieved. Evaporation, chemical vapour deposition or laser ablation growth and subsequent annealing to make single-crystal thin films may further enhance the MR effect. Hybrid structures of various kinds, including the layering of WTe 2 with magnetic films, may be useful in devices such as highly sensitive low-temperature magnetic-field sensors or high-field temperature sensors in cryogenics. In particular, the onedimensional aspect of the XMR in WTe 2 may be useful in low-temperature magnetic-field sensing and, especially, orienting. In fact, it was reported recently that below 20 K or above 5 T (refs 29, 30) the materials currently used for temperature or field measurements are prone to large degrees of error. In contrast, this regime is where WTe 2 performs best. The ease with which this system can be exfoliated, in addition to the fact that even small changes in the electron or hole concentration should change the Fermi surface-and thus, it can be expected, the XMRmake WTe 2 LETTER RESEARCH be possible to make nanotubes from WTe 2 , opening even more possibilities for nanostructure device fabrication. Careful chemical or electronic doping of WTe 2 may be crucial in elucidating the cause of the XMR and potentially unlocking further properties of interest.
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